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ACOUSTIC EXCITATION 


A PROMISING NEW MEANS OF CONTROLLING SHEAR LAVERS 


by James R. Stone and Daniel Nation 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


SUMMARY 
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u „K+ f nr the controlled modification of..turb,u T .; 

Techniques have long been sought fo ** layerS( and separated—,^;— 

lent shear layers, such as In Jets. * • f laborat0 ry experiments ..have .-- 

flows. Relatively recently published resuits^^ tufbulent flows . These re- 
established that coherent structures 1st nelds C an contain determl- 

sults indicate that even apparently chao If he(J results show that 

nlstlc. nonrandom elements. Even ^ e r ^ re ), t P strU ctures has a significant 
deliberate acoustic excitation shear layers. Therefore, we have Ini- 

effect on the mixing characteristics of s unde ?stand1ng of the Interaction 
Sated a research effort to develop both an understand 9^^ shear layers . 

mechanisms and the ability t0 . us ? pumping significant flow rates 

Acoustic excitation circumvents t. P flows by Intentional excitation 

reaulred by suction or blowing. Control , lv unexplored phenomena and 
*.? SuJlrnow Instabilities 1n»b *es Honlntru- 

offers considerable potent la , permit much more efficient, flexible 

slve techniques for flow field control may means of st all avoidance and 

propulsion systems and aircraft des g • f 1nd 9 app i icatlon In many other 

SSS SSSir- — * “ 


INTRODUCTION 

Techniques have long been sought ^ 
ous flow fields, such as Js s, wa e , i ab0 ratory experiments have estab- 
Relatlvely recently published results a °°^ n turbulent flows. These 
11 shed that coherent structures exist e cbaot1c flow fields contain deter- 
results indicate that even these apparent! chaotic ^ recently pub _ 

mlnlstlc, nonrandom elements ve.g.. ™ ; st1c excitation of these coherent 

11 shed results show that d ^bera r ° hg mU1ng characteristics of shear- 

structures has a significant . excitation of natural flow Instablll- 

layers. Control of flows by Intent onal e«J™" n and offers considerable 
ties Involves new and largely up f - rm , nrp Nonlntruslve techniques for 
potential for Improving component perfoi efficient 1 * propulsion systems 

flow-field control any perm ™ r * f e stll iJildwce and recovery. The 
and aircraft designs. Including means of sta other areas where m i x lng 

IrCortinrtlrasTeaclo^rlnnuous lasers. rochet engines, and fluidic 

devices. 

to develop^an C imderstandtng W of the^nteractlon mechanlsms t and a to e devetop e the rt 
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favorably modify various shear layers without resort ng co brute 
s such as suction and blowing. Acoustic excitation circumvents 
pumping significant flow rates, as required by suction or ^° w1ng ' 
re many gaps In our fundamental understanding of the unsteady 
irocesses involved, broad fundamental experimental f theoretical , 

' r a re needed and some ha»e been Initiated. He nave also 

nary studies to Identify those applications exhibiting the great- 
I payoff, as will be described In this paper. 


it has been recognized for some time that the structure of shear layers Is 

hllitv waves inherent in even an unexcited shear layer can be modified by 
S lS?b“"e!' such as acoustic tones, leading to an amplification of the nsta- 

blllty wave • characte rist1cs of the flow field and the excitation 

S'" 1 , se on s o o tSe process Involves the coupling between the co- 
herent structure and the random, or fine-scale, turbulence. These changes then 
, . x. effort nthpr Drocesses such as the gross mixing rate and noise gen 
e?:« 0 ^ in r'eamS the p «suat, 0 h process may be even more complicated, and 
nonlinear effects may be Important (e.g., refs. 28 and 29). 

Strlklnq evidence of jet mixing enhancement by this process has been 
. I 1 it (ref 25) for a circular jet exhausting Into a quiescent 
atmosphere^ Vhlleren photographs obtained with laser lighting are shown In 
?W«7and 3 The unexcited jet Is shown In figure 2(a) In Igure 2(b) 
the let Is excited by an upstream acoustic signal at excitation Strouhal 

cne jet li cai.ii.cuuj k „ u rUsHnn f rpmipnr v . n« Is the 


"Lit l D /V - 0 5 where T e is the excitation frequency. Oj Is the 

Set diameter, Is the jet velocity. (All symbols are defined In the 

aDDendlx ) Further insight Into the excitation process Is shown In figure 3. 
Ir^these cases the laser light source Is strobed at the excitation frequency; 
tMs accentuates those phenomena occurring at the excitation frequency (or Its 

higher harmonics) and washes out those phenomena occurring fstrouhal 

ouercles . In figure 3(a) the excitation frequency corresponds to a Strouhal 
l c n c Que to this photographic enhancement process, the large 
r;p Ir. ' tru?;urrc)^lLr,y 9 bP P seen. When the excitation freguenc, Is 
! kLh c 1 n mo 3(b)) the size of the coherent structure Is reduced 

t£d b the’ spicing between iicieislve structures Is halved. These results Indi- 
cate the sensitivity of the excitation process to the frequency of the Imposed 
disturbance. 

More recently It has been shown by Ahuja, et al. (ref. 30) that acoustic 
excitation can also Influence the flow over an airfoil. These results are 
shown photographically with smoke flow visualization In figure 4. The airflow 
Is from right to left over an airfoil at a 26° angle of attack. The boundary 
layer Is tripped near the leading edge to produce a turbulent boundary layer. 
At this high angle of attack the flow Is separated In the unexcited case 
(fig 4(a)). The effect of excitation Is Illustrated In figure 4(b) for a 
Strouhal number, S e = f e C/V 0 = 4, where C Is the wing chord and V g Is the 
frce-stream velocity. With excitation the flow remains nearly attached over 
much more of the airfoil, and the lift coefficient Is significant y Increased. 
It was also shown In reference 30 that drag reduction can be obtained with 
higher frequency excitation, S e 2 20. 
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POTENTIAL APPLICATIONS 

’it*?! 

types of applications : 


low-frequency excitation of free shear layers, 


( 1 ) 

(2) high-frequency excitation of free shear layers, 

(3) low-frequency excitation of boundary layers, and 

(4) high-frequency excitation of boundary layers. 

The low-frequency applications Involve jjjjjj 9 applications Involve 

the naturally dominant structure Mgh freqi uen y scale ^ that 

literature ^^ 1 ^ 0 ^" applications Is presented by Leplcovsky, et al. 
(ref. 31). 

In f^ure 5. specific areas of 

four general types of appllcat Ion. n t lon Preliminary assessments of 
these specific areas of potent «t on d 1ater the paper, 

several of the more promising possioi line* 

Externally Blown flap 

Under-the-wlng (dTW, and 
E SSd^M. ? deca, and J.t 

(e.g., refs. 2 5 a nd3 |to4°;, and the aer odynam1c and thermal 

useful In reducing jet/flap a for the UTW case, excitation 

loads on the flaps ^though' Illustrated of such aUc raft not only 

sUMuS'Surs irar;. — -» ais ° be 

useful . 

The externally blown flap (EBF) (STOL) 

to achieving powered lift f°r tujbofan-p d d derable arn0U nt of noise and 
aircraft (e.g., ref. 41). ^oduced by the Interaction of the engine 

acoustically-related flap loading Is P ° d “ c * d ° y "® ref . «) . In fact, with 
exhaust With the surfaces of the flap ^nter^Uon noise Is the dominant 

under-the-wlng (UTW) EBF s ^tems tne J d turbo fan engines are em- 

aircraft noise source when h 9 y . . extensive research program to 

ployed (ref. 42). There ore, et of EBF configurations to provide Insight 

determine the flap noise fo . i 42 to 50 ) . These efforts were accom- 

rpU;.r£t JMr..,,.. ««> « 

to 56) . 
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rent conventional commercial ( c J0L) aircraft. »jwever^ ^ 1nc y reased emphasis 

the^'lgh 8 frequency icoustlc^hteid- 

% ^.dld’bWS S- "» «•*•■ and therefore offers the promise of 
reducing the flap noise perceived below an aircraft. 

Amnrm thp man V fUo pol se source mechanisms thought to contribute to the 
UTW noise field are: O) Hap leading 

Jet. 

, ^iortanr^tf^^cet 4 ’ ?!!£ S.5 jl » 

nap leading edge "“!;' w ! S“^:i t rrs™y"t^«S t »"Ic"ra;e%iratachJ,"ent 
some cases, exhaust flow **’«*•" “? presence of a flow deflector 

5^uri"a5d!^^al ( h^hand sou;ce of noise (similar to UTW flap noise) 

above the wing. 

Generally the Impingement noise Is dominant In the forward quadrant below 
the w5SS of a blown flap system, and because of Its high Intensity usually 
dom1nates°the pea" lyo’ver’nolse. In this region It will be assume see 
refs 46 and 57) that the mean-square acoustic pressure, p .for the low 
frequency portion of the flap noise spectrum can be represented (ref. 41) by 


M 2 f iV 

~ Re) J Vi 

\ a / A 


dA 


( 1 ) 


. 4 -Kax , nt0 nr,l U based on the radial profile of the Jet Impingement veloc- 

U C , v a 3 th nnow turbulence intensity, I,. at the flap axial station, 
lty, v^ f ana .. j * n annpndlx ) The Integral form of equation \^) 

£ Itf °r m St coSnt tSI s^ong veloclt, 9 and turbulence gradients 

results 9 h t Dlume (1n contrast to an airfoil Immersed In a unl- 

?o e rm e noi field !S smi^has ? lap noise spectra peak at low frequency, the 

overall souid pressure level (OASPL) can be represented by equation <>> 
aood accuracy It was assumed In deriving equation (1) that the flap noise l 
Independent of the exhaust plume temperature. The effect of temperature has 
^ . hoon ocfAhl^hed at this time but Is thought to be small In the velocity 
““'of Interest This asSptlon allows the density term to be taken nut- 

side the Integral In equation (1). 

for EBP systems having similar radial turbulence Intensity profiles and 
similar ImDlnqement velocity profiles at the flap Impingement station, the 

Integral of equation (1) can be approximated for , sc ^) l ? g H PUr ?°!f L b ? r p5 e 1?^’ 
nlqu? used In references 45 and 46 to give the simplified relation (ref. 41), 


v ■ ■ * 
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A.vJ 

1 1 ,P 


( 2 ) 


where A, = (»/4)D? and V, .P, . 1s V* 
obtained from the nozzle velocity profll. at 
1 Stic Impingement diameter, D^ f Is ^rbltrarl 
the width of the profile at the flap station 
of the peak Impingement velocity. Both M , 
nozzle exhaust velocity radial profiles meas 
wing and flap system. Examining this re 1 at n 
means by which excitation can reduce flap no 


Impingement velocity (ref. 53) 
the flap station. The character- 
ly taken, for scaling purposes, as 
where the velocity Is 80 percent 
and are obtained from 

ured without the presence of the 
onshlp (eq. (2)) Indicates the 
Ise and the related loads. 


As shown by Ahuja. et al. (ref. 25) the 

would correspond to the peak ,mp " 9 ! l (' r ' t 7 ( Although’lhe rate of Jet spreading 
reduced by excitation (as shown In fig. 7). Although tne r J 

is increased, the effect on Impingement J ea^based “ ‘^(^g.nap S pac- 
tour would be minimal (as shown indicate that for the highest excitation 

1„g. A/Ox - 7, the data o figure unetctted value; the resulting 

implngemen? noHe woulS'be reduced'about 3 5 

^x?rg:'brtKs t :ix!jg r no;le'?s"^??a^; S ?o1o 3 d B b^low the Impingement 
noise (e.g., ref. 43). 

exc1tat1on^oVunheated|jet^m1x1ng n (refs? 32^an^33) could be^useo ^ong^wlth 

velocity decay ^ 

tetTfllght condltlons^as shown by tie experimental data In figure g These 
night effects are Included In von Olahn s corre a t on ref 

Mi. K«^t?«*Mre effects’ These tech- 
nology needs will subsequently be discussed further. 

n u 4 -ha nroa + p <t hpneflts of excitation would be minimizing the 
STOL airplane as shown In ngu £® Lul 'Experimental Engine (QCSEE) Program to 

n ^mmfnllTes^e ms^.^he^durvanUge! TollVeTll p"r^« " 
significant operating cost penalty wltf , the net effect that d |«» er £ ““ a ! 

^^^s c ;sr d pireSttii r irro,(s;n5ihff^it^ p " c d a u"?o„ ( in . .iUr. mss 

costly manner. 

desigS"(^ r » d r. M,rs 

andTet attachment for takeoff and landing with high flap angles that the 







cruise performance was degraded (ref. 60). The potential of excitation to 
promoted xlng and to control separation might be quite useful In such 
applications. 

V/STOL and STOVL Ground Effects 

Increased mixing and spreading rates may also be useful In reducing ground 
effects for vertical and short takeoff and landing (V/STOL) and short takeoff, 
vertical landing (STOVL) aircraft, as Illustrated In figure 12. Since 
exhaust Is directed toward the ground, enhanced mixing might reduce ground 
heatlnq and erosion. Such applications are of crucial Importance for tactical 
aircraft that may be required to land on ships and/or on soft grounds such as 

desert areas. 

Ejectors 

Ejector performance may also be Improved by enhanced fixing, as Illus- 
trated In figure 13. One of the prime causes of poor ejector performance Is 
Incomplete mixing. The benefits of enhanced mixing can be achieved In at least 

two ways: 

(1) An ejector with good performance could achieve the same performance 
In a shorter length, leading to size and weight savings. 

(2) An ejector with poor performance could be Improved by the Increased 
mixing. 

The potential to enhance mixing acoustically Is certainly consistent with 
Quinn's observation of enhanced mixing In the presence of screech tones 
(refs. 61 and 62). 


Internal Hlxers 

internal mixer nozzles, such as that sketched In figure 14, are used to 
Increase thrust, improve fuel economy, and reduce noise for turbofan engines. 
Current mixers achieve good performance with complex geometries, but they Incur 
a welSht penalty due to the mixer hardware and the Increased outer cowl length. 
Enhanced mixing due to excitation has the potential to achieve equal or better 
mixing with simpler (lower cost, easier maintenance) mixer designs or to reduce 
mixing length to allow a shorter cowl, resulting In weight savings. 

Combustors 

There are at least two ways enhanced mixing may be applied to combustors, 
as shown In figure 15: Improved fuel/air mixing, leading to shorter combustors 

(or Increased efficiency) along with the possibility of Improved pollution con- 
trol- and Improved mixing of the combustion products with the dllutlcn/coollng 
air leading to a reduction In the pattern factor (or peak-to-average tempera- 
ture ratio). Preliminary successful experiments on the latter application have 
been reported by Vermeulen, et al . (ref. 63). 
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Supersonic Jet Noise Reduction 

In supersonic Jets the large scale coherent structure plays a strong role 
In the noise generation processes. Interaction of the large structure 

with shocks Is the source of shock noise (e.g., see ref. 64). Large '^le 
structures convectlng at supersonic speeds also radiate noise directly (e.g.. 

rpf &51 Hlah frequency (Sp > 1.5) excitation could be used to promote 
coherent structure formation preferentially at smaller scale, thereby reduc " 9 
the mixing rate as Illustrated In figure 16 and reducing the Intensity of the 

radiated noise. 

Separation Control 

Separated surface flows degrade the performance of many devices. Attached 
flows require that the hecessary energy be supplied to the boundary ayer to 
overcome adverse pressure gradients, viscous. 11 sslpat Ion along ^ e n eJ? the Sur- 
and energy loss due to momentum exchange. The critical region Is near the su 
face where the momentum and energy of the local flow Is much less than In th 
outer regions. 6 !Tn the losses are sufficiently high, the f ow : separates rom 
the surface To avoid these problems, component shapes are designed to main 
taln^hlgh energy V level near the surface. In some cases the energy level near 
the surface Is augmented by means of vortex generators, blowing or suction, *" d 
mechanical vibration. Aeroacoustlc excitation may provide an attra ^^ * 1ter ~ 
native means of controlling separation to Improve the performance of wings, 
f lapst turbomachinery blades, diffusers, transition ducts • ' n1 * ^ ? e [ nd 
components and devices. Considering diffusers as an 5 

Door flow quality due to Incipient and unsteady separation are widely recog 
nlzed as major problems for wind tunnels. Acoustic excitation may provide an 
attractive alternative, since It has been shown to greatly Improve flow over a 
uIm at Moh anole of attack (ref. 30). Goldstein (ref. 66) has shown that 
this Is due to enhanced mixing between the high-velocity flow and the separate 
region, which energizes the boundary layer In somewhat the same manner as the 
conventional approaches. 

Stall Prevention/Recovery 

Stall or loss of lift due to flow separation. Is a concern for flow over 
airfoils and rotating machinery blades because It can lead to cata ^oph1c 
failures. Several tragic accidents have occurred In recent years when commer- 
cial airliners have encountered severe wind shear near the ground. In such 
cases wing stall often occurs; In fact, one method of surviving a wind shear 
encounter is to Increase the angle of attack toward stall to avoid cras J ng * 
Since excitation has been shown to promote attachment (Ahuja, et al., ref. 3U), 
It may Jery well be applicable to this very Important performance and safety 

problem. 

Enhanced Maneuverability 

Aeroacoustlc excitation could provide enhanced maneuverability for fighter 
aircraft In several ways. Attachment could be effectively maintained over a 
widened range of angle of attack, and reasonable lift could be maintained even 
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with some regions separated. Wing rock, due to asymmetric vortices, might be 
controlled by exciting preferred, and symmetric, vortex structures. Inlet flow 
attachment could be maintained over a wider angle of attack range. 


Skin friction Reduction 

Reduction of skin friction by high-frequency excitation (e.g., as shown 
by Ahuja, et al., ref. 30) may prove applicable to many Internal and external 
flows, Including many potential nonaerospace applications. 


Impingement Control 

Retarded mixing through high-frequency excitation may prove useful In 
preventing exhaust Impingement on the fuselage and control surfaces. 


TECHNOLOGY NEEDS 

In order to realize the potential benefits resulting from the engineering 
applications of acoustic excitation. It will be necessary to carry out a slg- 
nlflcant applied research effort and to augment the basic research effort. 

Host of the experimental research has been conducted with small models at near 
ambient temperature, low Reynolds number, and low Mach number. 


High Reynolds Number and High Mach Number 

A number of potential applications deal with the control of Jet mixing 
processes In both free and confined geometries. The range of experimental 
results available for conical nozzle Jet mixing control Is shown In figure 17, 
where Jet Mach number Is plotted against Jet Reynolds number for various values 
of excitation Strouhal number. A map of conditions for which mixing enhance- 
ment was observed, as Indicated by potential core length reduction, Is shown 
In figure 17(a), and a similar map for Jet noise amplification Is shown In 
figure 17(b); these two cases are both examples of augmented mixing, Mixing 
suppression conditions are mapped In figure 17(c) for Jet potential core 
lengthening and In figure 17(d) for Jet noise suppression. The area In the 
upper right-hand corner Is the range of Interest for full-scale jet engine 
applications; very little data has been obtained In this range. This void 
will have to be filled with experimental data and/or with well validated theo- 
retical or numerical models to allow the development of practical applications. 


Threshold Level 

Figure 17 addresses only the excitation frequency, through the Strouhal 
number, and not the level of excitation required to produce the desired effect. 
The peak turbulent kinetic energy normalized by the Ideally expanded jet kinet- 
ic energy Is plotted against excitation level In figure 18 for three different 
nozzle pressure ratios at an excitation Strouhal number of 0.5, where enhanced 
mixing Is expected. The theory of Morris and Tam (ref. 25), shown by the 
solid lines. Indicates that as excitation level Is Increased beyond a certain 
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value the peak turbulent kinetic energy beings to Increase, Indicating a sig- 
nificant coupling of the excitation signal with the flow field. This minimum, 
or "threshold," excitation level Is seen to Increase with Increasing nozzle 
pressure ratio (and therefore with Increasing Mach number). The experimental 
results of Moore (ref. 69) for the threshold level required for Jet noise 
amplification are shown to agree well with theory. 

High Temperature 

The results shown In figure 18 are for an unheated Jet, leaving the Issue 
of temperature effects to be resolved. As temperature Is Increased at a fixed 
Mach number, the Jet dynamic pressure remains constant but the kinetic energy 
Is Increased, while the Jet Reynolds number and Jet-to-amblent density ratio 
c-e decreased; boundary layer conditions are also changed. It Is not clea 
from the literature how the threshold level should be affected by Increased 
temperature. The Morris-Tarn theory (ref. 25) Indicates that the effects shou d 
be minor but the limited experimental results are somewhat conflicting. Some 
recent results from reference 31 are shown In figure 19. The ratio of the jet 
centerline Mach number with excitation to Its value without excitation at 
X/0» =9 Is shown as a function of excitation level L e for four different 
temperatures at a Jet Mach number of Mj = 0.8 and at the most sensitive 
Strouhal number. The excitation level at which the Mach number ratio beings 
to decrease should roughly correspond to the threshold level. As can be seen, 
this threshold level Increases significantly with Increasing temperature. 

If we assume that the threshold level Is reached when the ratio of the 
Imposed disturbance to the natural disturbance reaches some critical value, 
then 


V e (T 1.2 } 


W.lL 

) = V nn (T, ,) 


V T J,2> V un< T J.l ) 

Considering the relation between this Imposed velocity disturbance and the 
Imposed pressure disturbance, 

v e = p e /pc 


We obtain then 


M T <.2> C(T 1.1 ) V un ( '.1,? ) (5) 

" '< T J.2> C<T 1.2> V T 3.1> 

Considering the definition of turbulence Intensity I = v/V and the variation 
of properties with temperature at constant Mach number we obtain 


p e^ T l, 2.1 


p e< T J.i> 


t 3.i I( V> 


Or In terms of excitation level. 
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(7) 


l e (T j,2> - L e< T Jj' * 20 ’”5 (T :>2 /T Jfl ) * 20 log 

Neglecting the effect of temperature on turbulence Intensity, the threshold 
level should Increase as 20 log (Tj >2 /Tj j ) . The results of figure 19 are 
replotted In figure 20 In terms of a’corrected excitation level L e - 20 log 
(Tj/T a ). This seems to correlate the data reasonably well except at the high- 
est temperature. Some of the remaining differences could be due to changes In 
turbulence Intensity. 


Turbulence Intensity 

Figure 21 shows the turbulence Intensity as a function of nondlmenslonal 
axial distance for two temperatures at Mj = 0.78. Although there Is only a 
small difference In the peak turbulence Intensities, the turbulence Intensity 
near the nozzle lip Is considerably higher for the higher temperature case. 
Since the strongest Interactions occur near the nozzle exit, the effect of tur- 
bulence Intensity should be evaluated there. It appears that the turbulence 
Intensity near the nozzle Is at least doubled for the higher temperature case, 
which would correspond roughly to I a T? /3 . Carrying this on to the 
effect of excitation level would then yield the relation, 

L e tT J,2> - L e (T j,l> * 35 l0 9 (^. 2 ^.,) (»> 

To test this Interpretation, the data of figure 19 Is again replotted, this 
time against L e - 35 log ( Tj/T a ) In figure 22. The data appear to collapse 
reasonably well, especially In terms of the threshold level, the level at which 
the Mach number ratio deviates from unity, which appears to be within about 
±2 dB. This should not be considered as a general correlation because the data 
are limited to only one Jet Mach number and one size, but It does Indicate that 
a systematic relationship can be developed. Not only should threshold data be 
obtained over a more extensive range, but turbulence Intensity Information Is 
also needed. 


Experimental Capability Enhancement 

In order to perform the needed high-temperature, high-velocity experi- 
ments, the hot coaxial jet facility at NASA Lewis (fig. 23) Is currently being 
modified for excitation research by Installing an eight-driver spool piece 
upstream of the nozzle. (This facility has been used extensively for Jet noise 
research and Is described In ref. 71.) The facility provides jet temperatures 
up to 1100 K and can accommodate nozzles having total equivalent diameters up 
to 20 cm. The eight drivers can be driven to produce higher order circumferen- 
tial modes as well as plane waves which have been used In most of published 
studies on acoustic excitation. Jet plume mean velocity and temperature pro- 
files will be obtained In the near term, and we hope to Install turbulence and 
diagnostic Instrumentation In the future. We are also Installing a four-driver 
excitation system In the jet rig used for the turbulence studies of Laurence 
(ref. 72), to enable us to obtain more detailed data on smaller (8.8-cm dlaml 
unheated Jets. ' 


v 
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Another area which needs Investigation Is the method of Introducing the 
excitation signal. We have devoted most of our attention to upstream excita- 
tion (fig. 24(a)) where the acoustic signal Is Introduced Into the flow 
upstream of the nozzle. This approach Is limited by the transmission charac- 
teristics of the geometry. In order to produce the desired effect In high 
velocity, high temperature jets It may be more efficient to Introduce the exci- 
tation externally, perhaps near the nozzle lip as shown In figure 23(b). This 
method has been successfully employed, for example by Klbens (refs. 73 and 74). 


CONCLUDING REMARKS 

From the results presented and reviewed In this paper It Is clear that 
acoustic excitation shows great promise as a means of controlling shear flows. 
However, there are many gaps In our fundamental understanding of the unsteady 
aerodynamic process Involved and In applications know-how. To address these 
problems we have Initiated fundamental experimental, theoretical and numerical 
studies. We are also conducting preliminary studies to Identify those applica- 
tions exhibiting the greatest potential. 



APPENDIX - SYMBOLS 


A area 
C wing chord 
c sonic velocity 

0 diameter 

f frequency — 

1 turbulence Intensity , yv /V 

L sound pressure level, dB re 20 yN/m 
j. characteristic length 

M Hach number, V/c 

p pressure (mean component, total) 

p fluctuating pressure 

r source-to-observer distance 
Re Reynolds number, 8.Vp/y 

T temperature (total) 

V velocity (mean component) 

v fluctuating velocity 

y viscosity 

p density 
Subscripts: 
a ambient 

e excitation 
ex excited 
1 impingement 
j jet (Ideally expanded) 
p peak value 
un unexcited 
0 freestream 
1,2 arbitrary conditions 
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Figure 1. - Aeroacoustic shear layer mod 
ification. 
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Figure 15. - Aeroacoustic shear layer modification in combustors-enhanced mixing. Combus- 
tor exit temperature profile (data of Vermeulen, etal. (ref. 63). 
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Figure 16. - Supersonic jet noise reduction with high fre- 
quency (S e > 1.5) excitation. 
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Figure 17. - Continued. 
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Figure 17. - Continued. 
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Figure 21. - Temperature effects on centerline distribution of 
turbulence intensity Mj * 0.78, static, unexcited (ref. 25). 
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Figure 22. - Effect of excitation level corrected for tem- 
perature and turbulence intensity on local relative 
centerline Mach number, M: * 0. 8. Data of 
lepicovsky, etal. (ref. 31), X / Dj * 9.0. 
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